Psychiatric diseases have a strong heritable component known to not be restricted to 31 DNA sequence-based genetic inheritance alone but to also involve epigenetic factors in 32 germ cells 1,2 . Initial evidence suggested that sperm RNA is causally linked 2,3 to the 33 transmission of symptoms induced by traumatic experiences. Here we show that 34 alterations in long RNA in sperm contribute to the inheritance of specific trauma 35 symptoms. Injection of long RNA fraction from sperm of males exposed to postnatal 36 trauma recapitulates the effects on food intake, glucose response to insulin and risk-37 taking in adulthood whereas the small RNA fraction alters body weight and behavioral 38 despair. Alterations in long RNA are maintained after fertilization, suggesting a direct 39 link between sperm and embryo RNA. 40 41 42 43 Adverse experiences can have long-lasting transgenerational effects on mental and 46 physical health, and often increase disease risk 4,5 . Traumatic stress in early life in 47 particular, can induce pathologies like psychosis, depression and metabolic 48 dysfunctions in adulthood across generations 6 . To examine the biological factors 49 involved, we recapitulated heritable behavioural and metabolic effects of postnatal 50 trauma across several generations using a previously established model of 51 unpredictable maternal separation combined with unpredictable maternal stress 52
Caloric intake measurement. The amount of consumed food was measured for each 167 cage in 4 months old animals every 24h. Caloric intake was calculated as the mean 168 amount of food intake over 72h in relation to mean body weight (caloric intake = mean 169 food intake/mean body weight).
171
Glucose (GTT) and insulin (ITT) tolerance test. Mice were fasted for 5h. For GTT, 172 glucose was measured in blood at baseline and 0, 15, 30 and 90 min after 173 intraperitoneal injection of 2 mg per g body weight of glucose in sterile 0.45% (wt/vol) saline (injection started at 2 pm). For ITT, glucose was measured in blood at baseline, 175 and 0, 15, 30, 90 and 120 min after intraperitoneal injection of 1 mU per g body weight 176 of insulin (NovoRapid Novo Nordisk A/S) in sterile 0.9% saline (injection started at 2 177 pm). If blood glucose decreased below 1.7 mM/ml, it was rescued by intraperitoneal 178 injection of 2 mg/g of glucose. For both GTT and ITT, glucose level was determined in 179 fresh tail blood using an Accu-Chek Aviva device (Roche). obtained from the Gene Expression Omnibus (respectively GSE100964 and 214 GSM1069639 ) 28,29 and quantified as indicated above. Library type was specified as 215 respectively SF (strand-specific reads coming from the forward strand) and ISR (inward 216 strand-specific reads coming from the reverse strand). For differential expression 217 analysis, only lincRNAs and protein-coding genes that had at least 20 reads in at least 3 218 samples were tested. Differential expression analysis was performed with edgeR, using 219 the exact test for zygotes and 4-cell embryos, while for sperm, generalized linear 220 models were used to account for the technical differences between batches 221 (~batch+condition). Given the presence of technical replicates in the sperm dataset, we 222 performed two additional control analyses showing that largely the same results could 223 be obtained by either, i) using only the most recent batch ( Supplementary Figure 7a ), or 224 ii) accounting for the incomplete independence of the samples as described in 44 225 ( Supplementary Figure 7b ). Gene ontology enrichment analysis was performed using 226 the goseq R package 45 (Fisher's exact test) to account for the length bias in RNAseq 227 experiments, using GO terms with 10 to 1000 annotated genes. Only genes with 228 existing GO annotations were used, and for enrichments analysis performed on 229 differentially expressed genes, only tested genes (i.e. after the aforementioned count 230 filtering) were used as background. When indicated, most specific enrichments were 231 obtained by removing from the results, terms that had significantly enriched related sub-232 terms. For heatmaps and PCA, log(1+normalized counts) were used. Small RNAseq 233 libraries were pre-processed with cutadapt to remove adapters. Subsequently, only 234 reads ending in CCA-3ʹ were selected for enrichment analysis of tRNA-derived 235 fragments. CCA-3ʹ was trimmed off, and reads were quantified using Salmon. For this, 236 an index of tRNA sequences was constructed using the mouse tRNA sequences from 237 GtRNAdb 46 with parameters "--perfectHash --kmerLen 15". Differential expression 238 analysis was performed using DESeq2 and tximport 47, 48 . tRNA gene loci were grouped 239 into genes by trimming off the trailing number from the GtRNAdb annotation names, and 240 tRNA with pseudo-counts equal to 0 in all replicates were removed from the analysis 241 prior to running DESeq2 with default parameters.
243
Statistical analyses. Samples size was estimated based on previous work on the 244 MSUS model 2, [9] [10] [11] [12] [13] . Two-tailed Student t tests were used to assess statistical 245 significance for behavioural, body weight, caloric intake and GTT measurements. Chi-246 square test for 2 binominial populations with Yates continuity correction was used to 247 analyze the proportion of animals rescued on the ITT before 90 minutes post-injection.
248
When data did not match the requirements for parametric statistical tests ( The impact of MSUS on behaviour. First, using the MSUS paradigm, we produced a 276 cohort of mice exposed to traumatic stress in early postnatal life and confirmed their 277 behavioural phenotype in adulthood described previously 2,13 ( Supplementary Figure 1) .
278
As expected, F1 MSUS adult males had increased risk-taking behaviours reflected by Figure 1d) . They also had a 283 tendency for increased behavioural despair shown by more time spent floating on a 284 forced swim test ( Supplementary Figure 1e ).
286
The effects of small versus long RNA from sperm on behaviour and metabolism. 287 We then harvested sperm from adult control and MSUS males, extracted total RNA and 288 fractionated the RNA into small (<200 nucleotides (nt)) and long (>200 nt) RNA using 289 Ampure beads. Effective separation was confirmed by Bioanalyzer analysis 290 ( Supplementary Figure 2a ). We then used these fractions for pronuclear injection into Further, injection of small RNA increased body weight (Fig.3a ) contrary to that in natural 306 MSUS offspring, which has lower body weight. Long RNA increased food consumption 307 ( Fig.3b ) and the sensitivity to insulin challenge (Fig.3c ), similar to natural MSUS 308 offspring 2 . Injection of small or long RNA fraction alone was insufficient to elicit altered 309 glucose clearance in response to a glucose challenge (Fig.3d) , indicating again, that 310 both small and long RNA together are required to mimic all aspects of the metabolic 311 changes. Given the fact that total RNA injection does mimic alterations observed in 312 natural MSUS offspring 2 , these results strongly suggest that alterations in both small 313 RNA and long RNA together mediate the effects of postnatal trauma from father to 314 offspring, while alone, they do not or can even cause different effects.
316
Consequences of MSUS on sperm transcriptome. Assessment of the sperm 317 transcriptome by next-generation sequencing revealed that long RNA accumulated in 318 mature sperm is dramatically altered in adult males exposed to MSUS compared to 319 control conditions. Besides ribosomal RNA, mitochondrial ribosomal RNA and repeat 320 elements reads mapping to coding and non-coding regions could be detected, consistent with previous reports 25 (Figs.S4) . The transcripts giving rise to the detected 322 reads were intact and not fragmented as indicated by their distribution spanning the 323 entire transcripts size range (Supplementary Figure 5 ) and the expected RNA size 324 profile observed by bioanalyzer ( Supplementary Figure 2a ). Gene ontology (GO) term 325 enrichment analysis of reads mapping to genes in control sperm revealed enrichment 326 for RNA processing, cellular macromolecular complex assembly and chromatin 327 organization among others (Table S1) Figure 6) .
331
Further quantitative comparison of long RNA from control and MSUS sperm showed 332 significant differential load of several mRNAs and long intergenic non-coding RNAs 333 (lincRNAs) (Fig.4a,b) . GO term analysis revealed an enrichment for cell adhesion and 334 extracellular matrix organization, among others (Fig.4c , Table S2 , Supplementary 335 Figure 7) . Interestingly, reads mapping to transposable elements (TEs) were 336 dysregulated in the sperm of MSUS males ( Supplementary Figure 8a) . When analyzing 337 TEs separately, we found that the relative abundance of several relatively young retro-338 TEs 26 is higher in sperm of males exposed to MSUS ( Supplementary Figure 8b) .
339
Whether this indeed reflects an activation of these TEs in response to MSUS remains to 340 be determined. Consistent with the induction of some aspects of the MSUS phenotype 341 by sperm small RNA (Fig.3c ), we previously demonstrated sperm transcriptomic 342 alterations in miRNA and piRNA 2 . Surprisingly, tRNA 3' fragments were not significantly 343 altered in MSUS sperm ( Supplementary Figure 9 ).
345
The potential origin of mRNA and long non-coding RNA (lncRNA) differentially The fate and function of mRNA and lncRNA differentially accumulated in sperm. 366 Besides providing insight into the potential origin of altered sperm RNA, we examined 367 the fate of these RNA after fertilization. We assessed whether RNA differentially 368 expressed in sperm can be detected in 1-cell zygotes after mating of control females 369 with MSUS males. Next-generation sequencing of RNA pooled from 7-10 zygotes revealed many reads mapping to protein-coding genes and long non-coding genomic 371 regions ( Supplementary Figure 4a) . A majority of differentially expressed genes in 372 MSUS sperm and zygotes had correlated fold changes in expression in zygotes 373 ( Fig.6a ), suggesting a delivery of those long sperm RNA to the zygote at fertilization.
374
Additional differentially-expressed transcripts in MSUS zygotes, suggest early 375 downstream effects of sperm RNA (Fig.6b) . GO term analysis of differentially 376 expressed genes in zygotes showed an enrichment for genes involved in reproduction 377 and import into cell among others ( Supplementary Figure 10 , Table S3 ).
379
The importance of sperm long RNA integrity to induce effects in the offspring. 380 Because long RNA may be subjected to processing or cleavage, and generate small 381 RNA fragments that could mediate some of the effects observed, we assessed the 382 importance of the integrity of RNA. We fragmented long RNA from control and MSUS 383 sperm to a size of <200nt, injected these fragmented RNA into control fertilized oocytes 384 and assessed gene expression in resulting 4-cell embryos after injection 385 ( Supplementary Figure 4) . 4-cell stage was chosen over 1-cell zygotic stage to allow (Table S4 ). Comparison of transcripts with putative differential Here we show that sperm long RNA is impacted by postnatal trauma in adulthood and 400 provide evidence that this RNA contributes to the transmission of some of the effects of 401 trauma in the offspring. The data also show that reproducing an excess of long RNA 402 alone or small RNA alone by injection into fertilized oocytes is not sufficient to 403 recapitulate all symptoms in adulthood, indicating that the combination of small and long 404 RNA (by injecting total RNA) is necessary 2 and suggesting a synergistic action of long 405 and small RNA. However, beyond a required combined action, it is also possible that a 406 decrease (and not just an increase as reproduced by injection) in specific small and/or 407 long RNA is also necessary to produce some of the effects, which is not recapitulated 408 by RNA injection. In the future, manipulations mimicking down-regulation of specific 409 small or long RNA using for instance, the CRISPR-dCas9 technology would help transgenerational (up to the third generation 2,10,12,13 ). More complete phenotypic and epigenetic profiling of the dietary models would help better understand the underlying 420 mechanisms. We speculate that a complex interplay between different sperm RNA 421 fractions and other factors like DNA methylation, known to be altered by MSUS in adult 422 sperm and brain across generations 8, 9, 12 may contribute to transmission, with long RNA 423 playing an important role for some symptoms e.g. metabolic. Our data also provide 424 evidence that a subset of altered sperm RNA is important for the early embryo since it 425 remains altered in the zygote.
427
A previous study in a model of paternal low protein diet suggested regulation of MERVL 428 elements based on data showing downregulation of MERVL targets in the offspring at 429 embryonic stage 23 . Our data suggest a regulation of TEs in sperm of males exposed to 430 MSUS, potentially indicating a common denominator across different models of 431 epigenetic inheritance. TE expression in the brain, a highly steroidogenic tissue, is 432 responsive to acute and chronic stress 32 . This process was suggested to involve 
